Axonal damage is a prominent cause of disability and yet its pathogenesis is incompletely understood. Using a xenogeneic system, here we define the bioenergetic changes induced in rat neurons by exposure to cerebrospinal fluid samples from patients with multiple sclerosis compared to control subjects. A first discovery cohort of cerebrospinal fluid from 13 patients with multiple sclerosis and 10 control subjects showed that acute exposure to cerebrospinal fluid from patients with multiple sclerosis induced oxidative stress and decreased expression of neuroprotective genes, while increasing expression of genes involved in lipid signalling and in the response to oxidative stress. Protracted exposure of neurons to stress led to neurotoxicity and bioenergetics failure after cerebrospinal fluid exposure and positively correlated with the levels of neurofilament light chain. These findings were validated using a second independent cohort of cerebrospinal fluid samples (eight patients with multiple sclerosis and eight control subjects), collected at a different centre. The toxic effect of cerebrospinal fluid on neurons was not attributable to differences in IgG content, glucose, lactate or glutamate levels or differences in cytokine levels. A lipidomic profiling approach led to the identification of increased levels of ceramide C16:0 and C24:0 in the cerebrospinal fluid from patients with multiple sclerosis. Exposure of cultured neurons to micelles composed of these ceramide species was sufficient to recapitulate the bioenergetic dysfunction and oxidative damage induced by exposure to cerebrospinal fluid from patients with multiple sclerosis. Therefore, our data suggest that C16:0 and C24:0 ceramides are enriched in the cerebrospinal fluid of patients with multiple sclerosis and are sufficient to induce neuronal mitochondrial dysfunction and axonal damage.
Introduction
Multiple sclerosis is a chronic inflammatory demyelinating disease of the CNS and cause of neurological disability in young adults. Imaging studies and detailed neuropathological analyses of brain tissue have supported the notion that axonal loss is the cellular substrate of progressive disability Bjartmar et al., 2000) . Neurodegeneration occurs not only in lesions but also in normal-appearing white matter and cortical grey matter in multiple sclerosis brains (Peterson et al., 2001) . The presence of lesions around the ventricle (Swanton et al., 2007) or close to meningeal surfaces (Kutzelnigg et al., 2005) suggests that diffusible factors present in the CSF might contribute to multiple sclerosis pathology. Previous studies have attempted to identify components in the CSF as biomarkers, with the ability to predict disease course and to distinguish among patients with distinct clinical phenotypes and potential candidates [i.e. neurofilament light chain (NF-L)] have been suggested, although their predictive value remains to be thoroughly investigated (Malmestrom et al., 2003) .
At a cellular level it is unclear whether components in the CSF contribute to mechanisms of axonal degeneration, or whether their presence in the CSF is the consequence of neurodegeneration. The most accepted theory is that axonal demise in multiple sclerosis is consequent to bioenergetic failure resulting from the inability of neurons to meet increased energetic demands after demyelination (Dutta et al., 2006) . Redistribution of sodium channels along the axolemma increases ATP demands to maintain signal conduction. Mitochondrial dysfunction (Smith and Lassmann, 2002) leads to reversal of the function of the Na + / Ca 2 + exchanger, resulting in the accumulation of cytosolic Ca 2 + , which is toxic to the cell (Waxman, 2006a; Trapp and Stys, 2009 ). This study addresses the effect of the CSF on neuronal mitochondrial function. We used a xenogeneic system consisting of primary rat neuronal cultures incubated with CSF from patients with multiple sclerosis or controls and investigated the mitochondrial bioenergetic profile and axonal damage induced in these cells. We correlated these parameters with the concentration of several components present in the CSF. We then conducted genome-wide transcriptomic profiling of CSF-treated neurons to define the pathways leading to neurodegeneration. We also performed a targeted lipid analysis to detect whether the profile could distinguish patients with multiple sclerosis from control subjects.
Materials and methods

Reagents and antibodies
Oligomycin, FCCP [carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone], rotenone and antimycin A were obtained from SigmaAldrich; H 2 O 2 from Fisher Scientific Co. Cell culture reagents were obtained from Invitrogen. Antibodies against nitrotyrosine, NF-L, NeuN and Olig2 were obtained from Millipore; anti-NF-L from Abcam; Iba1 from Wako Chemicals USA Inc.; and GFAP from Dako North America, Inc. All fluorophore-conjugated secondary antibodies were obtained from Invitrogen.
Cerebrospinal fluid sample collection
Patients in the discovery cohort were recruited at the Corinne Goldsmith Dickinson Centre for multiple sclerosis at Mount Sinai, New York, NY per an Institutional Review Board-approved protocol. All patients (ages 18-80 years) who had lumbar punctures performed for routine diagnostic evaluation at the multiple sclerosis centre, were eligible for the study. Patients who consented to participate had additional CSF withdrawn for the study. All subjects' medical records were reviewed by a clinical multiple sclerosis specialist and categorized by final diagnosis after the lumbar puncture and additional diagnostics, including a follow-up period. Subjects classified as CIS or multiple sclerosis with a high level of certainty, comprised the 'multiple sclerosis patient' subset. Those classified as 'not multiple sclerosis' with a high level of certainty were included as controls. Subjects with probable diagnosis were excluded. Expanded Disability Status Scale scores were estimated from the neurological examination detailed in the chart. CSF samples were provided in a de-identified fashion that blinded the investigators to the clinical information until after the experiments were complete. Clinical investigators were similarly unaware of the experimental results until clinical classification was complete. CSF was kept at 4 C immediately after extraction, aliquoted and immediately frozen on dry ice and stored at À 80 C. The CSF samples for the validation cohort were collected at the Johns Hopkins Multiple Sclerosis Centre, Baltimore, MD. As in the discovery cohort all subjects were reviewed by a clinical multiple sclerosis specialist. Control subject specimens were collected from the Department of Neurology at Johns Hopkins, outside the multiple sclerosis division. CSF was centrifuged before freezing.
Primary neuronal cultures
Hippocampal neuronal cultures derived from embryonic Day 18 Sprague-Dawley rat embryos were obtained as previously described (Kim et al., 2010) . Cells were grown in Neurobasal Õ medium supplemented with B-27, GlutaMAX TM and penicillin/streptomycin and maintained at 37 C and 5% CO 2 until the experiments were performed on in vitro Day 17. Antimitotics were added to the culture medium at in vitro Day 3 and removed after 24 h. Replacement of half of the culture medium was performed twice a week for 3 weeks. Only mature neurons kept in vitro for at least 17 days were used in the experiments.
Bioenergetic analysis
Oxygen consumption rate was measured using the Seahorse XF24 Bioanalyzer (Seahorse Bioscience) by following the manufacturer's instructions. Neurons were seeded in Seahorse assay plates at a density of 8.4 Â 10 4 cells per well. After 3 weeks in culture, they were incubated for 24 h with CSF from either multiple sclerosis or control patients. Mitochondrial bioenergetic function was then assessed by the sequential injection of 2 mM oligomycin, 4 mM FCCP, 0.5 mM rotenone and 4 mM antimycin A into the culture media. Results from at least three independent experiments are shown and data are expressed as a percentage of the basal oxygen consumption rate measured in cells incubated with control CSF.
Immunostaining
Immunocytochemistry was performed as previously described (Shen et al., 2008) . Briefly, cells were washed once with PBS and fixed with 4% paraformaldehyde. After permeabilization in 0.1% Triton TM X-100 in PBGA buffer (0.1 M PB, 0.1% gelatin, 1% BSA, 0.002% azide) and blocking in 10% goat serum in PGBA, primary antibodies were incubated overnight followed by detection using fluorophoreconjugated secondary antibodies.
Neurofilament light chain measurement in cerebrospinal fluid
ELISA kit for NF-L detection from MyBiosource (cat no.: MBS705750) was used according to the manufacturer's instructions.
Biochemical parameters in cerebrospinal fluid
IgG, glucose and cellularity in the CSF were measured by the clinical laboratory as part of routine diagnostic testing. Glutamate levels were measured using a glutamate colorimetric assay kit (BioVision Inc., cat no.: K629-100) following manufacturer's instructions. Briefly, samples were incubated with a reaction mix in order to develop a colorimetric reaction that was quantified at = 450 nm in a microplate reader. Human cytokine arrays consisted of a sandwich-ELISA assay for detection of human cytokines in biological fluids (Panomics Inc., cat no: MA6150). The assays were performed according to the manufacturer's instructions. Briefly, cytokine arrays were blocked with blocking buffer and incubated with CSF samples diluted 1:10 (v/v) in wash buffer. Diluted CSF was incubated with the membranes for 2 h before addition of a biotinylated cytokine antibody mix, and incubation with streptavidin-horseradish peroxidase. Membranes were developed using enhanced ECL solution (GE Healthcare). L-Lactate levels in the CSF were measured using Fluoro-Lactate kit from Cell Technology Inc. (cat. no: FLLACT100-2) following manufacturer's instructions. Briefly, CSF samples were incubated with a reaction enzyme mix containing lactate oxidase in a 96-well plate, followed by addition of a detection reagent. Fluorescence at excitation/emmmision = 570-590 nm was detected using a fluorescence microplate reader.
RNA-Seq
Analysis of the RNA-Seq data was conducted as previously described (Huber et al., 2012) . Briefly, reads were mapped to the reference genome (rn4) using the BWA alignment algorithm (Li and Durbin, 2009) . For each transcript, we considered only the number of reads that were uniquely aligned to exon and splice-junction regions for each gene. This value was considered an estimated expression level and it was further subjected to log2 transformation and global median normalization, to compare transcript levels among distinct samples. Differentially expressed genes were identified with the software DESeq2 (Anders and Huber, 2010 ) using a false discovery rate (FDR) 5 0.05 as a cut-off for statistical significance. The list of genes resulting from the study was subjected to Gene Ontology enrichment analysis using the software GOrilla (Eden et al., 2009 Table   1 ). After normalization to GAPDH transcripts, the average value for each transcript was calculated based on the values obtained in all the samples included for each experimental condition. Transcripts levels were also normalized for primer efficiency.
Quantitative lipidomic analysis
A crude lipid fraction was extracted from samples using a modified Bligh and Dyer procedure. Each sample was homogenized in 10 volumes of deionized water and three volumes of pure methanol were 
added containing 50 mM ammonium acetate, and the internal standards (C12:0 ceramide; Avanti Polar Lipids). Four volumes of chloroform were added and the mixture vortexed and centrifuged at 1000g for 10 min. The chloroform layer was removed and dried under a positive stream of nitrogen. Samples were resuspended in pure methanol for mass spectrometry using methods similar to those reported in our previous studies . Samples were injected using a PAL autosampler into a PerkinElmer HPLC equipped with a 2.6 mm C18 100 Å LC Column 50 Â 2.1 mm (Kinetex) and a guard column (Phenomenex). For a typical run, the LC column was first pre-equilibrated for 0.5 min with the first mobile phase consisting of 85% methanol, 15% H 2 O, and 5 mM ammonium formate. The column was then eluted with the second mobile phase consisting of 99% methanol, 1% formic acid, and 5 mM ammonium formate at the flow rate of 400.0 ml/min. The eluted sample was injected into an electrospray ionization tandem mass spectrometer (ESI/MS/MS) API3000 (AB Sciex) and sample analysis was conducted by multiple reaction monitoring (MRM). Area under the curve for each ceramide molecular species (C16:0-C26:0 and C16:1-C26:1) was identified and quantified using Analyst 1.4.2 and MultiQuant (AB Sciex) softwares.
Resulting data were normalized to the internal standard ceramide C12:0.
Unilamellar vesicle construction
Lipid micelles were constructed using a 1:1:2:2 ratio of phosphatidylethanolamine (C18:0), sphingomyelin (C18:0), cholesterol, and ceramide (one of C16:0, C22:0 or C24:0). In previous studies we found that this composition creates stable microparticles that are able to fuse with cellular membranes (Wheeler et al., 2009) . Lipid emulsions in methanol were dried under a positive nitrogen gas flow and resuspended in PBS to 0.5 mg/ml total lipid content. Unilamellar vesicles were created at 37 C by extrusion using a polycarbonate membrane with a 0.08 mm pore size (Avanti Polar Lipids).
Magnetic resonance imaging analysis
The clinical MRI scans completed at the time of the diagnostic lumbar puncture by the patients diagnosed with multiple sclerosis in the discovery cohort were examined retrospectively and evaluated in an exploratory fashion. Axial 2D turbo spin-echo T 2 -weighted from the routine MRI scans, acquired at 3 T (Allegra, Siemens Medical Solutions), were used to measure the lesion volume. T 2 -hyperintense lesion volume was measured by a single experienced observer, blinded to the subject's identity, as described in Inglese et al. (2010) .
Data analysis and statistics
All data were analysed using GraphPad Prism 5.0 software. All data represent means AE standard error of the mean. All statistical tests were performed using either independent t-tests, or one-way ANOVA with Dunnett's multiple comparison test to compare all groups to a given control, or Tukey's test to compare all groups to each other. For correlation analysis, Spearman rank correlation method was used. All data were considered significant at P 5 0.05.
Results
Cerebrospinal fluid from patients with multiple sclerosis induces oxidative damage in rat cultured neurons
To determine whether diffusible CSF factors in a multiple sclerosis patient might directly affect neuronal mitochondrial function, we assessed the bioenergetic profile of primary rat neurons cultured for 24 h in the presence of human CSF using the Seahorse Bioanalyzer. The CSF was obtained from 13 patients with multiple sclerosis and 10 non-multiple sclerosis controls. The multiple sclerosis group included only patients with a high level of certainty of diagnosis of multiple sclerosis, on the basis of clinical and imaging parameters. The control group included only subjects with a definite diagnosis of not having multiple sclerosis and comprised several unrelated disorders, such as amyotrophic lateral sclerosis, fibromyalgia, peripheral neuropathy, chronic relapsing inflammatory optic neuritis, lymphoma or chemotherapy-related sensory symptoms, steroid-dependent headache, chronic fatigue syndrome, non-specific cognitive complaints, and patients with non-specific sensory complaints and no objective evidence for multiple sclerosis. Because any potential inaccuracies resulting in a true 'patient with multiple sclerosis' being placed in the control group would tend to bias against detecting bioenergetic and biochemical differences between the groups, we excluded five potential controls for whom the diagnosis remained unclear at the time of data analysis. The demographic characteristics of the CSF donors in the two groups were similar (Table 2) . Nearly all the patients with multiple sclerosis (12/13) had unmatched (i.e. present in the CSF but not in corresponding serum sample) oligoclonal bands in the CSF and most of them were also characterized by elevated IgG index and slightly elevated white blood cell count ( Table 2) . Measurement of the oxygen consumption rate in basal condition revealed disparities between the two groups, with greater consumption in neurons exposed to CSF samples from patients with multiple sclerosis compared to controls (Fig. 1A) . A mitochondrial stress test was performed by the sequential addition to the culture medium of the mitochondrial respiratory chain inhibitor oligomycin (specific for complex V), the uncoupling agent FCCP, rotenone (specific for complex I) and antimycin A (specific for complex III). Subtraction of the baseline oxygen consumption rate from measurements after injection of the inhibitors allowed the calculation of additional parameters of mitochondrial function including proton leak, spare respiratory capacity, and coupling efficiency. Proton leak, a measurement of the proton flow from the inter-membrane space to the mitochondrial matrix and uncoupled from ATP synthase, was significantly greater (P 5 0.05) in neurons exposed to CSF from patients with multiple sclerosis compared to non-multiple sclerosis control subjects (Fig. 1B) . Because proton efflux is considered a mechanism that regulates mitochondrial membrane potential and that is activated to counteract the production of free radicals (Echtay et al., 2003; Mattiasson et al., 2003; Sullivan et al., 2003) , these data suggested the possibility that the neurons exposed to CSF from patients with multiple sclerosis were subjected to increased oxidative stress. Indeed, immunostaining with antibodies specific for nitrotyrosine, a marker for oxidative damage ( Fig. 1C) , revealed greater immunoreactivity in neurons exposed to the patients' CSF than controls (Fig. 1D) . Characterization of the primary cultures by immunocytochemistry for neuronal and glial marked revealed a highly pure neuronal population (97 AE 1%), with only 3 AE 1 % of astrocytes and virtually no microglial cells or oligodendrocytes ( Fig. 1E and F) , suggesting that the oxidative radicals responsible for the protein nitration were produced by neurons. This interpretation was further supported by the detection of elevated transcript levels for Nos1, the neuronal form of the enzyme responsible for the synthesis of this free radical and by the significantly 1.2-fold (P 5 0.001) increased expression of this enzyme in neurons treated with CSF from patients with multiple sclerosis compared to control CSF (Fig. 1G) . Together, these data suggest that CSFinduced oxidative stress in neurons may contribute to the neurodegenerative changes detected in multiple sclerosis brains.
Cerebrospinal fluid-induced transcriptional changes unmask the activation of cellular response to stress in neurons
To define pathways uniquely activated in neurons exposed to multiple sclerosis CSF, we conducted an unbiased genome-wide transcriptomic deep sequencing analysis (RNA-Seq), followed by genome alignment and detection of differentially expressed transcripts ( Fig. 2A) . A principle component analysis revealed independent clustering of the data and clearly segregated the data into two transcriptional profiles corresponding to those detected in neurons exposed to the CSF from control subjects and patients with multiple sclerosis (Fig. 2B) . A total of 13 021 transcripts (representing 12 331 genes) were detected, of these 1802 genes were significantly upregulated (FDR 5 0.05) in the neurons exposed to CSF from patients with multiple sclerosis and could be further classified into functional categories related to response to stress (including neuronal injury or excitotoxicity), response to lipids, response to reactive oxygen species and regulation of cell death (Fig. 2C ). Several genes from each category were further validated by quantitative real-time PCR and included genes activated in response to reactive oxygen species (e.g. Hmox1, Nrg1, Mmp2), response to neuronal injury (e.g. Vip, Serpinb2, Adamts1) or excitotoxicity (e.g. Grik1, Grin2b) (Fig. 2D) . A total of 2147 genes were significantly downregulated in neurons after exposure to CSF from patients with multiple sclerosis, compared to the levels detected after exposure to control CSF. They could be classified into functional categories such as response to DNA damage, cellular response to stimulus, establishment of organelle organization, and nitrogen compound metabolic process (Fig. 2C ). The majority of these genes were shown to have neuroprotective properties (e.g. Birc5, Ptprz1, Zeb1, Fabp7, Gsn) and were further validated by quantitative real-time PCR (Fig. 2E) . Therefore, exposure to CSF from patients with multiple sclerosis increased the expression of genes involved in oxidative damage and neurotoxicity while decreasing the expression of genes involved in neuroprotection.
Cerebrospinal fluid-induced mitochondrial dysfunction in chronically stressed neurons correlates with the levels of neurofilament light chain
To better mimic the condition of chronic oxidative stress endured by neurons in the multiple sclerosis brain, we cultured neurons from the rat brain and subjected them to non-toxic oxidative stimuli (30 mM H 2 O 2 added every other day to the medium) for 17 days. These stressed neurons were then challenged again with a 24 h exposure to the CSF from patients with multiple sclerosis or controls. Axonal damage was assessed by immunohistochemistry and scoring neurons for the presence of local enlargement, including varicosities and segmentations, which are considered to be one of the first signs of neurodegeneration (Trapp et al., 1998; Kim et al., 2010; Nikic et al., 2011) (Fig.  3A) . The bioenergetic profile of these neurons further confirmed the functional impairment of these cells, as indicated by the decreased maximal respiratory rate and decreased spare respiratory capacity (Fig. 3B ). Because this parameter provides a quantitative measure of the potential of neurons to adapt to increased energetic demand-and therefore considered an indicator of overall mitochondrial health-its decrease in chronically stressed neurons exposed to the CSF from patients with multiple sclerosis supported the notion that CSF components induced mitochondrial dysfunction and increased energetic demand in neurons, independently of demyelination (Fig. 3C ).
To determine whether the detected impaired mitochondrial function in vitro could be correlated with any biomarker in the CSF (Lycke et al., 1998; Semra et al., 2002; Malmestrom et al., 2003) we measured the levels of NF-L by ELISA (Lycke et al., 1998; Semra et al., 2002; Malmestrom et al., 2003) and detected significantly higher levels in the CSF from patients with multiple sclerosis than controls (Fig. 3D) . Only the CSF samples from patients with multiple sclerosis revealed an inverse significative correlation between NF-L levels and the bioenergetic parameter spare respiratory capacity, since the samples with the highest levels of NF-L were also the ones inducing the greatest decrease of spare respiratory capacity in neuronal cultures (Fig. 3E) . Finally, we attempted to correlate these findings to imaging parameters, but we were unable to find any direct correlation as higher lesion volumes (T 2 lesion volume = 26.13 AE 15.65 ml) were detected in patients whose CSF contained lower levels of NF-L (33.7 AE 5.3 pg/ml) and did not significantly impair mitochondrial function (Fig. 3F ). The CSF with high levels of NF-L (134.0 AE 38.3 pg/ml) was the one inducing greater impairment of neuronal mitochondrial function (as measured by the smaller respiratory reserve capacity) and yet was characterized by lower lesion volume (T 2 lesion volume = 1.87 AE 1.73 ml). Together these results suggest that the CSF from patients with multiple sclerosis induces mitochondrial dysfunction and axonal damage in chronically stressed rat neurons and the bioenergetic failure inversely correlates with NF-L levels present in the multiple sclerosis CSF samples. However, no significant correlation was detected for the T 2 lesion volume.
Validation cohort of cerebrospinal fluid samples
These results were validated in an independent cohort (Table 3) of CSF, composed of eight controls and eight patients with multiple sclerosis recruited at Johns Hopkins Hospital. The controls included four subjects who underwent lumbar puncture to help differentiate normal pressure hydrocephalus from neurodegenerative disorders, a patient with congenital hydrocephalus, a patient with headaches, and a patient with idiopathic intracranial hypertension. For the patients with multiple sclerosis, five of eight subjects (62.5%) had unmatched oligoclonal bands in the CSF and an elevated IgG index (Table 3 ). The CSF samples from this validation cohort were used to conduct a similar analysis of bioenergetic profiling of chronically stressed neuronal cultures (Fig. 4A) . Also in this case, exposure of rat neurons to the CSF from patients with multiple sclerosis decreased the maximal respiratory capacity and induced a dramatic decrease of spare respiratory capacity, compared to neurons exposed to control CSF (Fig.  4B) . The NF-L levels in the CSF from patients with multiple sclerosis were significantly higher than those measured in controls (Fig. 4C ) and they were inversely correlated with the spare respiratory capacity values measured in treated neurons (Fig. 4D) . The validation of the findings in an independent cohort of CSF samples provided further support to the concept of direct toxicity of CSF on neurons, even in the absence of demyelination.
Elevated ceramide species distinguish the composition of cerebrospinal fluid samples from control subjects and patients with multiple sclerosis
We then reasoned that mitochondrial bioenergetics in neurons could be affected by the levels of glucose or lactate, as energy sources or by the levels of glutamate or inflammatory cytokines, as neurotoxins. Measurement of lactate or glucose revealed similar levels in the CSF from controls (glucose = 58.88 AE 3.96 mg/dl; lactate = 75.57 AE 1.45 mmol/l) and patients with multiple sclerosis (glucose = 55.31 AE 1.65 mg/dl; lactate = 76.80 AE 2.30 mmol/l) (Table 4) . Furthermore, glutamate levels in multiple sclerosis CSF (8.71 AE 1.83 mmol/l) were not higher than in control CSF (13.58 AE 1.93 mmol/l) and a cytokine array able to detect levels of 30 different cytokines (Fig. 5A) did not reveal major differences between both groups (Fig. 5B) . Thus, the bioenergetic changes induced in neurons exposed to the CSF collected from patients with multiple sclerosis could not be explained in terms of differential levels of energy sources, cytokines or glutamate. Given the previously described importance of antibodies directed against lipids in multiple sclerosis progression (Villar et al., 2005; Bosca et al., 2010) we then hypothesized that differences in lipid composition could distinguish the CSF of control and multiple sclerosis samples. Interestingly, several ceramide species were elevated in multiple sclerosis CSF samples compared to controls, including C16:0 and C24:0 ceramide and C16:0 monohexosyl ceramide (Fig. 5C ). These data suggested that the Figure 1 Continued expressed as percentage relative to the oxygen consumption rate measured in cultured neurons exposed to CSF. (C) Confocal images of cultured neurons incubated for 24 h with CSF from control (n = 7) or patients with multiple sclerosis (n = 8) and stained with antibodies specific for nitrotyrosine (green) and NF-L (red) to assess oxidative damage. Scale bar = 50 mm. (D) Quantification of nitrotyrosine pixel intensity levels from three random regions (n = $80 cells per region) for each CSF sample and represented as the mean AE SEM relative to control CSF samples. (E) Immunocytochemistry of neuronal cultures with antibodies for NeuN (red) to label neurons, GFAP (green) for astrocytes, Olig2 (green) for oligodendrocytes and Iba1 (green) for microglia. DAPI (blue) was used as nuclear counterstain. Scale bar = 100 mm. (F) Quantification of the different cell types according to the immunostaining shown in E. (G) Transcripts levels of Nos1 in cultures treated with CSF from controls or patients with multiple sclerosis was assessed by RNA-Seq and data are shown relative to samples with control CSF after global median normalization. Statistical differences for A, B and D were determined using two-tailed independent ttest, *P 5 0.05, **P 5 0.01. Significance in G was determined by multiple comparison analysis, ***FDR 5 0.001. Gene ontology analysis revealed that the functional categories associated with elevated transcripts induced by multiple sclerosis CSF were related to response to stress, generation of reactive oxygen species (ROS) and cell death, whereas the downregulated ones included response to DNA damage and neuroprotection. (D and E) Validation of the transcriptional changes detected by RNA-Seq. RNA was isolated from cultured neurons incubated with CSF from controls or patients with multiple sclerosis and processed for quantitative real-time PCR. Values were normalized to GAPDH levels and referred as fold increase (D) or decrease (E) relative to the values measured in neurons treated with control CSF. Statistical differences for D and E were determined using two-tailed independent t-test, *P 5 0.05, **P 5 0.01, ***P 5 0.001. sphingomyelin-ceramide pathway in multiple sclerosis might be relevant to the effect of the CSF on neurons.
Exposure of cultured neurons to micelles containing the same ceramide species detected in the cerebrospinal fluid of patients with multiple sclerosis recapitulate the effect of cerebrospinal fluid on the neuronal bioenergetic profile
To determine whether the elevated ceramide species detected in the CSF from patients with multiple sclerosis were the mediators of the mitochondrial impairment observed in neuronal cultures, we conducted a reconstitution experiment. Lipid micelles containing the specific ceramide species elevated in the CSF of patients with multiple sclerosis (i.e. C16:0 and C24:0) were synthesized and assayed on cultured neurons for their ability to affect mitochondrial function. Micelles were synthesized in vitro by combining cholesterol, phosphatidylethanolamine, sphingomyelin and one of the ceramide species of interest in a 1:1:1:2 ratio. Two types of control micelles were also synthesized: one lacking any ceramide species and one containing a ceramide equally present in multiple sclerosis and controls (i.e. C22:0). Lipid incorporation into the cultured neurons after micelle treatment was confirmed by mass spectrometry and showed a clear dose-dependent enrichment (Fig. 6A) . Exposure of neurons to the ceramide-containing micelles was sufficient to induce oxidative damage, as indicated by the positive immunoreactivity for nitrotyrosine (Fig. 6B) . Remarkably, this effect was only seen when neurons were treated with micelles containing the ceramide species elevated in the CSF of multiple (A) Hippocampal neurons were cultured in mild oxidative stress conditions for 17 days and then incubated with CSF from control subjects or patients with multiple sclerosis for 24 h. Representative confocal images after immunocytochemical analysis with antibodies specific for neurofilament heavy chain (red) to visualize neurites and DAPI (blue) to label nuclei. Scale bar = 20 mm. High magnification shows axonal beading, a sign of axonal damage, in cultures incubated with CSF from patients with multiple sclerosis. Scale bar = 5 mm (B) Bioenergetic analysis was performed using a Seahorse Analyzer. Oxygen consumption rate (OCR) was measured as NF-L levels were measured on the CSF samples from control and patients with multiple sclerosis using an ELISA method. The scatter plot shows the individual measurement of each sample and the mean AE SEM for each group. (E) Scatter plot indicating the correlation between the levels of NF-L in the CSF and the spare respiratory capacity measured in the neuronal cultures incubated with the same CSF. Correlation assessed by the Spearman's rank test; rho coefficient is shown. (F) Lesion volume on T 2 -weighted MRI (circle diameter) was determined from patients with multiple sclerosis and correlated with NF-L levels in CSF samples (y-axis) and spare respiratory capacity induced in the neuronal cultures (x-axis). Statistical differences for C and D were determined using two-tailed independent ttest, *P 5 0.05, **P 5 0.01. sclerosis (i.e. C16:0 and C24:0), whereas treatment with micelles either lacking ceramides or containing other ceramide species (i.e. C22:0), did not affect neurons (Fig. 6C) . Treatment of chronically stressed neurons with micelle containing the ceramide species C16:0 and C24:0 was also sufficient to decrease neuronal maximal respiratory rate (Fig. 6D ) and the spare respiratory capacity, whereas treatment with micelles either lacking ceramide or containing ceramide C22:0 did not affect the bioenergetic parameters (Fig. 6E) . Therefore, only those ceramide species present at higher levels in the CSF of patients with multiple sclerosis compared with controls, were able to induce the functional bioenergetic changes and oxidative damage in treated neurons, recapitulating the effect of exposure to CSF. This reconstitution experiment underscores the importance of specific ceramide species present in the CSF in the induction of neuronal oxidative damage and defective bioenergetics in multiple sclerosis brains.
Discussion
One of the overarching hypotheses in the field of neurodegeneration in multiple sclerosis is that axonal damage in demyelinated axons results from the increased energetic demand consequent to the redistribution of Na + /K + ATPase before increased intracellular Ca 2 + levels (Waxman, 2006b) . Axonal damage has also been attributed to defective metabolic or impaired trophic support, due to damaged oligodendrocytes (Funfschilling et al., 2012; Lee et al., 2012) . However, it is conceivable that diffusible factors present in the CSF could also impact the ability of neurons to respond with adequate energy production, especially in the pathogenesis of cortical lesions. Decreased ability to meet energetic demand can be observed in the setting of mitochondrial impairment, as suggested by studies in cultured neurons (Kim et al., 2010) , preclinical animal models of multiple sclerosis (Nikic et al., 2011) and in multiple sclerosis samples (Dutta et al., 2006; Fischer et al., 2013) . Based on the subpial (Kutzelnigg et al., 2005) location of grey matter lesions and to the frequent periventricular (Swanton et al., 2007) distribution of multiple sclerosis plaques, we designed this study to test the hypothesis that factors present in the CSF of controls and patients with multiple sclerosis could differentially modulate the bioenergetic profile of neurons, by a mechanism independent of demyelination. Therefore, we tested the effects of exposure to human CSF on the mitochondrial function of cultured rat neurons and show here that acute exposure to multiple sclerosis CSF induced a bioenergetic failure that was associated with increased mitochondrial proton leak, increased expression of genes involved in oxidative damage such as Hmox1, Mmp2 and Nrg1 (Marballi et al., 2010; Hill et al., 2012; Tronel et al., 2013) , neuronal injury (Vip, Serpinb2, Adamts1) (Sasaki et al., 2001; Yamanaka et al., 2005; Waschek, 2013) and excitotoxicity (Grik1, Grik2b) (Micu et al., 2006; Newcombe et al., 2008) , and decreased expression of neuroprotective genes (Birc5, Ptprz1, Zeb1, Fabp7, Gsn) (Qiao et al., 2005; Bui et al., 2009; Baratchi et al., 2011; Huang et al., 2012; Matsumata et al., 2012) . These findings are consistent with a recent study in multiple sclerosis cortical lesions (Fischer et al., 2013) , where neuronal oxidative damage was also found to be associated with increased expression of genes related to DNA damage and repair, excitotoxic cell death, oxidative stress and mitochondrial injury, compared with other inflammatory and non-inflammatory control brains. (Fischer et al., 2013) .
Previous studies in similar xenogeneic models revealed that exposure to human CSF resulted in neurotoxicity in culture, although the molecular mechanisms remained elusive (Xiao et al., 1996; Alcazar et al., 2000) . A potential explanation was the presence of pro-inflammatory cytokines in the CSF, leading to cytokineinduced synaptic hyperexcitability and consequent glutamatedependent neurotoxicity (Rossi et al., 2012 (Rossi et al., , 2013 . This interpretation was supported by elevated glutamate levels detected in acute lesions and normal-appearing white matter in patients with multiple sclerosis (Srinivasan et al., 2005) and by studies reporting elevated levels of TNF-, INF-, IL-1b, IL-6, IL-12 in patients with multiple sclerosis. Our study did not identify any significant difference in the levels of cytokines in the CSF of patients with multiple sclerosis compared to controls. There are several possible explanations for such a discrepancy, which include methodological differences, disease state and selection of the control population. The issue of variable methods of cytokine detection has been amply discussed as the main source of variability among different studies, and a careful and comprehensive discussion on the topic has been recently published (Malekzadeh et al., 2012) . The variability of cytokine levels according to disease state and subtype has also been discussed in previous studies, although we believe that it was not an issue in our patient selection (Link, 1998; Matsushita et al., 2013; Rossi et al., 2014) . A likely possibility for the similar cytokine levels in multiple sclerosis and non-multiple sclerosis samples in our study is the heterogeneity of our control population, as similarly elevated cytokine levels were also reported in the CSF of patients with other inflammatory diseases (Bielekova et al., 2012) . The remarkable finding of our study is that-despite similar cytokine levels between multiple sclerosis and control CSF samples-only the CSF from patients with multiple sclerosis was capable of inducing oxidative damage and bioenergetic failure. The bioenergetic dysfunction detected in multiple sclerosis brains has been often associated with aberrant production of reactive oxygen species and thought to contribute to spreading of the pathology. Indeed, neuronal damage consequent to reactive oxygen species has been reported in models of axonal injury, animal experimental autoimmune encephalomyelitis models and in human multiple sclerosis lesions (Smith and Lassmann, 2002; Dutta et al., 2006; Fischer et al., 2013; Persson et al., 2013) . Our study supports these previous reports by detecting increased levels of nitrotyrosine, the product of peroxynitrite-mediated nitration of protein in neurons exposed to human CSF from patients with multiple sclerosis. In addition, our study indicates that oxidative damage in neurons is cell-autonomous and occurs as the consequence of the impaired bioenergetics state of the cell. This interpretation was supported by two lines of experimental evidence. First, oxidative damage occurred in highly pure neuronal cultures exposed to either CSF or to micelles containing the ceramide species C16:0 and C24:0. Second, the enzyme responsible for NO production, nitric oxide synthase Nos1 was expressed in cultured neurons in basal condition and its levels were increased by exposure to CSF from patients with multiple sclerosis. Thus, the high levels of nitrotyrosine detected in neurons treated with either CSF or ceramide-containing micelles were consistent with neurons as the source of the oxidative radicals responsible for the formation of peroxynitrites and subsequent protein nitration and possibly consequent to impaired mitochondrial function. The increased correlation between NF-L in the CSF samples and the spare respiratory capacity induced in the neuronal cultures after incubation with CSF from patients with multiple sclerosis. Correlation was assessed by the Spearman's rank test and rho coefficient is shown. Statistical differences for A-C were determined using two-tailed independent t-test, *P 5 0.05, **P 5 0.01. n.s. = not significant. content of NF-L was detected in the most neurotoxic CSF samples thereby suggesting a correlation between this biochemical parameter and greater neuronal damage occurring in patients.
The mitochondrial changes induced by exposure to CSF from patients with multiple sclerosis and not by exposure to control CSF could not be explained in terms of differential cytokine expression, but correlated with the detection of elevated concentrations of specific ceramide species (i.e. C16:0 and C24:0). Because long-chain ceramides have been previously shown to suppress mitochondrial permeability transition pore activity and alter the bioenergetic profile (Novgorodov et al., 2008) , the impaired mitochondrial function detected in neurons exposed to the CSF from patients with multiple sclerosis could be explained by a direct effect of specific ceramide species on the mitochondria. In this study we provide proof of concept for this hypothesis, as exposure to micelles composed of the same ceramides found in the CSF of patients with multiple sclerosis, was sufficient to impair mitochondrial function, decrease neuronal energy production and increase the production of reactive oxygen species and free radicals, with consequent neuronal damage. We hypothesize that a similar mechanism occurs in the brains of patients with multiple sclerosis as a consequence of the chronic exposure to cytotoxic ceramides that are present in the CSF. The dysfunctional mitochondria may attempt to compensate for the increased energetic demand, thereby generating free radicals that induce further damage and gradually exhaust the mitochondrial energy reserve capacity. The importance of lipids in multiple sclerosis has been suggested by a series of previous studies relating the presence of antibodies against specific membrane lipids to disease progression (Villar et al., 2005; Kanter et al., 2006) and alterations in the lipid composition of normal-appearing white matter (Wheeler et al., 2008) . These findings were interpreted within the context of an immune response to myelin debris but our study suggests the importance of ceramides as signalling molecules leading to impaired mitochondrial function. The concept of lipid signalling in multiple sclerosis is not unprecedented, as current therapies (e.g. fingolimod) have been targeted to specific sphingosinephosphate receptors (Brinkmann et al., 2010) . It is also not unique to multiple sclerosis, but shared with other neurological disorders characterized by neurodegeneration, as ceramide C16:0, ceramide C24:0 and C16:0 monohexosyl ceramide are also elevated in kainate-induced neuronal injury, Alzheimer's disease (Guan et al., 2006; Mielke et al., 2012) and HIV-associated dementia (Haughey et al., 2004) . Moreover, short-chain ceramides have been shown to induce mitochondrial alterations such as reactive oxygen species production and permeabilization of the mitochondrial membrane leading to neuronal death (Darios et al., 2003; Falluel-Morel et al., 2004) . We hypothesize that ceramide species detected in the CSF of patients with multiple sclerosis were likely originated within the brain itself and possibly released into the CSF as lipoprotein complexes. We have not yet determined the exact mechanism for uptake but these ceramide-rich microparticles have been shown to readily cross endothelial and other plasma membranes and enter into cells (Tovar-Y-Romo et al., 2013) .
Finally, it is important to mention that despite the relatively small size of our first discovery cohort of CSF samples, the major findings were validated in an independent cohort of samples obtained from a different multiple sclerosis centre, thereby supporting the reproducibility of the original findings and providing the rationale for the design of large longitudinal studies. Of note, when consolidating the two independent patient cohorts together and dividing them in two groups depending on the levels of spare respiratory capacity induced in neurons, we observed that six of seven patients with primary-progressive multiple sclerosis showed a greater decrease in spare respiratory capacity, whereas other parameters such as Expanded Disability Status Scale, oligoclonal bands, IgG index or white blood cell count did not discriminate patients with distinct multiple sclerosis type in these small cohorts (Table 5) .
Future controlled studies in larger cohorts of patients will be necessary to define the potential use of bioenergetic profiling in cultured neurons as a tool for the definition of neurotoxic parameters in the CSF and to investigate the underlying brain tissue correlates of neurotoxicity with advanced neuroimaging measures. 60.5 AE 6.5 CIS = clinically isolated syndrome; CSF WBC = white blood cell count in cerebrospinal fluid; EDSS = Expanded Disability Status Scale; PPMS = primaryprogressive multiple sclerosis; PRMS = progressive-relapsing multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; OCR = oxygen consumption rate.
Figure 6 Continued chronic oxidative stress and then treated with micelles for 24 h was performed using a Seahorse Analyzer. Data represent the mean AE SEM of the oxygen consumption rate levels relative to basal respiration levels measured in neurons treated with control micelles, containing ceramide species found in the CSF of controls. (E) Spare respiratory capacity levels calculated from the results of the bioenergetic analysis. Data are expressed as the percentage of the oxygen consumption rate from cultures incubated with control micelles sample. Statistical differences for C and E were determined using one-way ANOVA with Dunnett's multiple comparison test. *P 5 0.05, ***P 5 0.001 versus control.
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